P. aegyptiaca is one of the most destructive root parasitic plants worldwide, causing serious damage to many crop species. Under natural conditions P. aegyptiaca seeds must be conditioned and then stimulated by host root exudates before germinating. However, preliminary experiments indicated that TIS108 (a triazole-type inhibitor of strigolactone) and fluridone (FL, an inhibitor of carotenoid-biosynthesis) both stimulated the germination of P. aegyptiaca seeds without a water preconditioning step (i.e. unconditioned seeds). The objective of this study was to use deep RNA sequencing to learn more about the mechanisms by which TIS108 and FL stimulate the germination of unconditioned P. aegyptiaca seeds. Deep RNA sequencing was performed to compare the mechanisms of germination in the following treatments: (i) unconditioned P. aegyptiaca seeds with no other treatment, (ii) unconditioned seeds treated with 100 mg/L TIS108, (iii) unconditioned seeds treated with 100 mg/L FL + 100 mg/L GA 3 , (iv) conditioned seeds treated with sterile water, and (v) conditioned seeds treated with 0.03 mg/L GR24. The de novo assembled transcriptome was used to analyze transcriptional dynamics during seed germination. The key gene categories involved in germination were also identified. The results showed that only 119 differentially expressed genes were identified in the conditioned treatment vs TIS108 treatment. This indicated that the vast majority of conditions for germination were met during the conditioning stage. Abscisic acid (ABA) and gibberellic acid (GA) played important roles during P. aegyptiaca germination. The common pathway of TIS108, FL+GA 3 , and GR24 in stimulating P. aegyptiaca germination was the simultaneous reduction in ABA concentrations and increase GA concentrations. These results could potentially aid the identification of more compounds that are capable of stimulating P. aegyptiaca germination. Some potential target sites of TIS108 were also identified in our transcriptome data. The results of this experiment suggest that TIS108 and FL+GA 3 could be used to control P. aegyptiaca through suicidal germination.
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Introduction
Approximately 3500 to 4000 species of angiosperms lost their autotrophic lifestyle during evolution. These plants, which include broomrape (Orobanche and Phelipanche spp.), witchweed (Striga spp.), and dodder (Cuscuta spp.), now directly invade and parasitize other plants [1] . Severe infestations by these species can cause complete yield loss [2] . The Parasitic Plant Genome Project has sequenced the transcripts of three root-parasitic species (P. aegyptiaca, S. hermonthica and Triphysaria versicolor) at key life stages from seed conditioning through anthesis. The information gained from this project offers greater potential for increasing understanding not only about population dynamics, parasite virulence, and host resistance mechanisms but also about target sites for herbicide action and other novel control strategies [2] .
Broomrapes are holoparasites, devoid of chlorophyll, and found largely in the Mediterranean and warm-temperate areas of Europe, North Africa, the Middle East, and northern China [3] . Broomrape species spend most of their life cycle underground. After germination, they form a haustorium which attaches to the roots and vascular tissues of host plants, facilitating the exchange of water, nutrients, hormones, toxins, and almost anything else able to travel through vascular connections [4] . Broomrape species affect legumes and to a lesser extent, a range of crops in Apiaceae, Asteraceae, Cucurbitaceae and Solanaceae. Crop losses range between 20 and 70% in many countries and regions [3] . Numerous physical, chemical, and biological approaches have been explored against broomrape, including soil solarization, organic amendment, and trap crops [5] [6] [7] [8] . However, these control methods are generally ineffective and uneconomical [9, 10] . Broomrape releases numerous small and long-living seeds. Reports indicate that topsoil may contain up to 4 million broomrape seeds m −2 [4] . The seeds remain viable for up to 20 years in soil in the absence of a suitable host [4] . Broomrape seeds require chemical stimulants secreted by host roots to germinate, and the seedlings must contact the host root within a few days to survive [11] . It has been suggested that synthetic or natural chemicals could be used to reduce seedbanks by stimulating seed germination in the absence of suitable hosts. This control method (i.e., suicidal germination) is an attractive means of keeping seedbanks below a certain threshold. Many research projects are currently trying to identify natural or synthetic chemicals that can induce suicidal germination of broomrape.
Several types of chemical compounds [e.g., dihydrosorgoleone, glucosinolate derivatives, and strigolactones (SLs)], have been identified as chemical signals or germination stimulants for Striga and Orobanche [12, 13] . Among these germination stimulants, SLs at concentrations of 10 −7 to 10 −15 mol/L result in the highest germination rates [1, 5] . Treatment with a synthetic analogue of SL, GR24 (10 −7 mol/L), resulted in P. aegyptiaca germination rates > 80%.
However, P. aegyptiaca seeds must be conditioned for 4 to 7 d in a humid environment before GR24 can stimulate high germination rates. During conditioning, gibberellin (GA) is synthesized and plays an important role in subsequent germination [11] . Fluridone (FL), a carotenoid biosynthesis inhibitor, shortens the conditioning period required for O. minor seeds to germinate after stimulation by strigol. Fluridone also has the capacity to inhibit SL production and exudation in crops [14, 15] . Gibberellic acid (GA 3 ) and brassinolide influence the seed conditioning and germination of Orobanche and Phelipanche spp. [16] . A triazole-type SL-biosynthesis inhibitor, TIS108, can reduce the level of 2 0 -epi-5-deoxystrigol in rice. It has been hypothesized that TIS108 could potentially be applied to reduce the germination of root parasitic weeds [17] .
In a preliminary experiment, it was observed that TIS108 and FL + GA 3 both stimulated the rapid and high germination of P. aegyptiaca seeds without a water preconditioning period (i.e. hereafter referred to as unconditioned seeds). In contrast, GR24 required a water preconditioning period to stimulate P. aegyptiaca germination. The objective of this study was to better understand the seed germination mechanisms by comparing the transcriptome profiles of P. aegyptiaca seeds treated with TIS108-, FL+GA 3 -, and GR24.
Materials and methods

Plant material
Mature seeds of P. aegyptiaca were collected from a processing tomato field in 2016 at Junhu, Xinjiang Uyghur Autonomous Region, China. These seeds were stored at 4˚C.
Seed germination tests
An improved culture method was used to compare the effects of various stimulants on the germination of unconditioned P. aegyptiaca seeds [14, 18] . The P. aegyptiaca seeds were disinfected with 75% ethanol for 2 min and 1% sodium hypochlorite for 20 min [19] . The seeds were then rinsed five times with sterile water. Petri dishes were lined with two layers of filter paper and then autoclaved. Three glass fiber discs were laid on top of the filter paper. The sterilized unconditioned seeds were then spread evenly on the discs. A 100 μL aliquot of 1 of 14 treatment solutions was then applied to each disc in the petri dish. The treatment solutions included four combinations of FL + GA 3 (100 mg/L FL + 1000, 100, 10, or 1 mg/L GA 3 ). The 10 additional treatments included sterile water (negative control), GA 3 (10 mg/L), abscisic acid (ABA, 1 mg/L), acetone (4 g/L), FL (100 mg/L), TIS108 (1000, 100, 10, and 1 mg/L) and GR24 (0.03 mg/L). The dishes were incubated in the dark at 25˚C for seven days. In one additional treatment (positive control), conditioned seeds (sterile water for 7 d) were treated with 0.03 mg/L GR24 and then incubated for 5 d. All the seeds were then examined with a microscope to determine germination rates.
Transcriptome analysis
2.3.1. Sample preparation. P. aegyptiaca seeds were surface sterilized and then spread evenly on a double layer of autoclaved filter paper in petri dishes (15 cm diam). The seeds in some dishes received no other treatment (unconditioned treatment). The remaining dishes were incubated in the dark at 25˚C after treatment with 100 mg/L TIS108 (4 d incubation), 100 mg/L FL + 100 mg/L GA 3 (4 d incubation), sterile water (7 d incubation), or sterile water (7 d incubation) followed by 0.03 mg/L GR24 (2 d incubation). These treatments will be respectively referred to as the TIS108, FL+GA 3 , conditioned, and GR24 treatments in the remainder of the paper. The unconditioned sample treated with water was the negative control and the conditioned sample treated with GR24 was the positive control. After incubation, the seeds were transferred from the glass fiber disks onto a piece of aluminum foil on a clean lab bench. The seeds were wrapped inside the foil, frozen in liquid N, and then stored at -80˚C until RNA extraction.
2.3.2. RNA extraction, RNA-seq library preparation, and sequencing. The total RNA of each sample was isolated using Trizol Reagent (Invitrogen, Gaithersburg, MD, USA) according to the manufacturer's recommendations. High-quality RNA, with a 28S:18S ratio of more than 1.5 and a 260/280 absorbance ratio between 1.8 and 2.2, was used for library construction and sequencing. 3 μg RNA of each sample was used for the RNA sample preparations. Sequencing libraries were obtained using a NEBNext1Ultra™ RNA Library Prep Kit for Illumina1 (NEB, USA) according to the manufacturer's recommendations. The index codes were added to attribute sequences to each sample. In short, mRNA was purified from the total RNA by using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was synthesized by random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Subsequently, Second strand cDNA synthesis was performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends by exonuclease/polymerase activities. After adenylation of the DNA fragments 3 0 ends, NEBNext Adaptors with hairpin loop structures were ligated to prepare for hybridization. In order to select cDNA fragments of 150~200 bp length, the library fragments were purified using AMPure XP system (Beckman Coulter, Beverly, USA). 3 μL of USER Enzyme (NEB, USA) was then used with sizeselected, adaptor-ligated cDNA at 37˚C for 15 min followed by 5 min at 95˚C before PCR. PCR was then performed using Phusion High-Fidelity DNA polymerase, universal PCR primers and Index (X) Primer. Finally, the PCR products were purified (AMPure XP system) and the library quality was evaluated on the Agilent Bioanalyzer 2100 system. The Illumina sequencing platform was Hiseq X ten. The RNA library construction and sequencing were performed at Biomarker Technologies Co. Ltd., Beijing, China.
2.3.3. Preprocessing of illumina reads and de novo transcriptome assembly. Raw data (raw reads) of fastq format were first processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing adapters, reads containing poly-N, and low quality reads (i.e., reads where the Q-scores were <20 and the ratio of bases was >20%) from the raw data. The Q20, Q30, GC-content, and sequence duplication level of clean data were calculated simultaneously. High-quality clean data were used for downstream analyses. Transcriptome assembly was accomplished by Trinity [20] .
Functional annotation and differential expression analysis.
Gene function was annotated using the following databases: non-redundant (NR) (National Center for Biotechnology Information NR protein sequences); Protein family (Pfam); EuKaryotic Orthologous Groups (KOG)/Clusters of Orthologous Groups of proteins (COG)/evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG); Swiss-Prot (A manually annotated and reviewed protein sequence database); Kyoto Encyclopedia of Genes and Genomes (KEGG); and Gene Ontology (GO). Bowtie was used to compare the sequenced reads with the unigene library. Gene expression levels were estimated by RSEM [21] . The clean data were mapped back to the assembled transcriptome and the read count for each gene was obtained from the mapping results. The FPKM value was used to express the corresponding unigene abundance. DESeq was used to identify the differentially expressed genes. The resulting P values were adjusted using Benjamini and Hochberg's approach for controlling false discovery rate. Genes with an adjusted P value < 0.05 were assigned as differentially expressed. The False Discovery Rate (FDR) was used to determine the threshold of the P value in multiple tests. The cutoff thresholds for significance of expression were FDR < 0.01 and fold change ! 1.
2.3.5. Endogenous hormone level analysis and validation of related genes. Endogenous hormone levels were determined using the frozen seed samples from each treatment in Section 2.3.1. The seed samples (1 g) were separately ground in liquid N using a mortar and pestle. The concentrations of ABA and GA were quantified using appropriate enzyme-linked immunosorbent assay kits (Chengling, Beijing, China) according to manufacturer's instructions [11] . The ABA and GA concentrations are reported as the mean of three biological replicates. The RNA samples for RNA-seq were also used for real-time qRT-PCR validation. First-strand cDNA was synthesized using a Takara PrimeScript TM RT Reagent Kit with gDNA Eraser (Perfect Real Time) (Dalian, China). Six plant-hormone-related genes, two SL perception-related genes, and two genes related to P450s were selected for validation of RNA-seq by qRT-PCR. PaTubulin1 was used as an internal control [11, 22] . The qRT-PCR was conducted using SYBR GreenER™ qPCR SuperMix Universal (Invitrogen, Gaithersburg, MD, USA). Thermal cycle conditions for PCR were as follows: 94˚C for 3 min followed by 40 cycles at 94˚C for 15 s and 59˚C for 30 s. The expression level of the genes was calculated as the means of three biological replicates. Specific primers were designed using Primer 5.0 and are listed in S1 Table. All data were analyzed using one-way ANOVA (IBM SPSS Statistics 19.0, Armonk, NY, USA).
Accession numbers
RNA-seq data were submitted to NCBI under BioProject accession number PRJNA388245. The quality filtered and trimmed short read data set was deposited in the NCBI Sequence Read Archive (SRA) under accession numbers: SRR5680424, SRR5680425, SRR5680426, SRR568 0427, SRR5680428, SRR5680429, SRR5680430, SRR5680431, SRR5680432, SRR5680433, SRR5680434, SRR5680435, SRR5680436, SRR5680437 and SRR5680438. The assembled transcripts can be accessed from NCBI Transcriptome Shotgun Assembly Sequence (TSA) Database under the accession number GFQM00000000.
Results
Seed germination rates
The germination rates of unconditioned P. aegyptiaca seeds were 0% when treated with water, GA 3 , ABA and acetone alone (Fig 1) . The germination rate of unconditioned seeds treated with GR24 was 3%, whereas the germination rate of conditioned seeds treated with GR24 was 81%. Application of FL (100 mg/L) alone stimulated P. aegyptiaca germination; however the germination rate was only 4%. In comparison, FL + GA 3 increased P. aegyptiaca germination significantly, with germination rates as high as 93% in the 100 mg/L FL+100 mg/L GA 3 treatment. The SL biosynthesis inhibitor, TIS108, also promoted P. aegyptiaca germination, with germination rates reaching 83% in the 100 mg/L TIS108 treatment. More importantly, the FL + GA 3 treatment and the TIS108 treatment both stimulated P. aegyptiaca germination without a water preconditioning period (Fig 2) . It should be noted that there was acetone (as the solvent) in the solutions containing FL and TIS108. A preliminary experiment indicated that the acetone concentrations (0.04 to 40.00 g/L) in these solutions did not stimulate P. aegyptiaca germination.
We chose to present the 4 g/L acetone treatment in Fig 1 because this was the acetone concentration in the treatments with the highest germination rates (FL 100 mg/L + GA3 100 mg/L and TIS108 100 mg/L). Germination rates of unconditioned P. aegyptiaca seeds as affected by water, gibberellic acid (GA 3 ), GR24, acetone, fluridone (FL), and TIS108. Germination rates were determined after incubation in the dark at 25˚C for 7 d. Conditioned seeds treated with GR24 and unconditioned seeds treated with water were used as positive and negative controls, respectively. Mean values ± standard deviations are from measurements on three independent germination assays. An asterisk (*) indicates that the values are significantly different than those in the water treatment according to Fisher's protected LSD test (P <0.05).
https://doi.org/10.1371/journal.pone.0187539.g001
RNA-seq and de novo assembly of the P. aegyptiaca transcriptome
To learn more about the germination mechanism, RNA-seq was performed using mRNA extracted from P. aegyptiaca seeds in five treatments: (i) unconditioned seeds, (ii) conditioned seeds, (iii) unconditioned seeds treated with TIS108, (iv) unconditioned seeds treated with FL+GA 3 , and (v) conditioned seeds treated with GR24. There were three biological replications of each treatment. After filtering, 429,090,579 pair-end reads of clean data were obtained. The percentage of Q30 bases in each sample was more than 94.90%, and the GC percentage ranged from 45.76% to 48.91% (S2 Table) . Clean reads were de novo assembled using the Trinity. By combining unigenes from all 15 samples, 89,434 unigenes were assembled. The average N50 length of the unigenes was 1105.26 bp. The major length of the unigenes ranged from 300 to 2000 bp (Fig 3 and S3 Table) . The clean reads for each sample was mapped to the library of assembled transcripts and unigenes. Mapped reads were used for subsequent analysis (Table 1) .
Functional annotation of P. aegyptiaca unigenes
Functional annotation of P. aegyptiaca unigenes was conducted using BLAST software with an E-value 10
. Among 89,434 non-redundant unigenes, there were 21,995 hits in COG, 27,575 hits in GO, 21,763 hits in KEGG, 33,118 hits in KOG, 27,364 hits in Swiss-Prot, 47,886 hits in eggNOG, and 52,917 hits in NR. The predicted amino acid sequences of the unigenes were subsequently compared with the Pfam database at an E-value 10
. The HMMER software package was used to annotate the unigenes (S4 Table) . The unigenes were classified into 25 groups based on COG function classification. The unigenes were mainly related to transcription and translation, including (i) translation, ribosomal structure, and biogenesis (3025); (ii) replication, recombination, and repair (2050); and (iii) post-translational modification, protein turnover, and chaperones (2164) (Fig 4A) . Many unigenes were also related to transport and metabolism, especially the transport and metabolism of carbohydrates (1749), amino acids (1992), and lipids (1258). Some unigenes were involved in signal transduction mechanisms (1608), and cell cycle control, cell division, and chromosome partitioning (440) ( Fig  4A) .
According to GO function classification, the majority of unigenes under cellular component participate in cell (11, 101) , membrane (5302), macromolecular complex (5302), organelle (8042), organelle part (3348), membrane part (2961), and cell part (11, 101) . Molecular functions of these unigenes were mostly clustered in catalytic activity (15, 042) , structural molecule activity (1356), transporter activity (1607), and binding (12, 843) . The biological process categories were mainly metabolic process (19, 482) , cellular process (15,442), single-organism process (12,552), stimulus response (3222), localization (3845), and biological regulation (3507) (Fig 4B) .
Comparative analysis of differential expression
Spatial analysis of differentially expressed unigenes (DEGs) was also performed to determine the degree of overlap between the five different treatments during seed germination. DESeq software was used to perform differential expression analysis between pairs of treatments to obtain a set of DEGs [23] . Compared with the unconditioned treatment, the number of up-regulated genes was 3268, 6814, 3650, and 10,620 in the conditioned, FL+GA 3 , TIS108, and GR24 treatments, respectively. The number of down-regulated genes was 12,798, 13,673, 12,901, and 14,440 in the conditioned, FL+GA 3 , TIS108, and GR24 treatments, respectively. Compared with conditioned samples, FL+GA 3 contained 1,127 up-regulated and 429 down-regulated unigenes, TIS108 exhibited 74 up-regulated and 45 down-regulated unigenes, and GR24 showed 3356 up-regulated and 880 down-regulated unigenes. Compared with FL+GA 3 , TIS108 contained 596 up-regulated and 1464 down-regulated unigenes and GR24 had 5837 (Fig 5B and 5C ). There were 12,549 DEGs among unconditioned vs conditioned, unconditioned vs FL+GA 3 , unconditioned vs TIS108, and unconditioned vs GR24 ( Fig 5B) . These results indicated that 12,549 genes were essential during germination of P. aegyptiaca seeds. There were 56 DEGs among conditioned versus FL+GA 3 , conditioned versus TIS108, and conditioned versus GR24 (Fig 5C) . This suggested that these 56 genes may be key genes for P. aegyptiaca germination.
3.5. Pathways of DEGs based on KEGG database KOBAS 2.0 software was used to test the significance (P <0.05) of the enrichment of DEGs in KEGG pathways [24] . The total number of DEGs annotated in the databases were as follows: 14 Table) . The KEGG annotation indicated that 128 pathways in unconditioned vs conditioned; 127 pathways in unconditioned vs FL+GA 3 , unconditioned vs TIS108, and unconditioned vs GR24; 99 pathways in conditioned versus FL+GA 3 , 20 pathways in conditioned vs TIS108, 123 pathways in conditioned versus GR24, 110 pathways in FL +GA 3 vs TIS108, 121 pathways in FL+GA 3 vs GR24, and 125 pathways in TIS108 vs GR24 were enriched. The pathways of unconditioned vs conditioned, unconditioned vs FL+GA 3 , unconditioned vs TIS108, and unconditioned vs GR24 were very similar. Only 20 pathways were significantly altered in conditioned vs TIS108 based on the KEGG database. These results indicated that majority of requirements for P. aegyptiaca germination were met after conditioning. Pathways related to metabolism (alpha-linolenic acid metabolism, pyrimidine metabolism, starch and sucrose metabolism, carbon metabolism, purine metabolism, and glutathione metabolism) and biosynthesis (aminoacyl-tRNA biosynthesis and sesquiterpenoid and triterpenoid biosynthesis) covered almost half of the DEGs. Many of the DEGs were involved in energy production processes such as oxidative phosphorylation, pentose phosphate pathway, and glycolysis/gluconeogenesis. Other processes included plant hormone signal transduction, plant-pathogen interaction, and ubiquitin-mediated proteolysis.
Role of GA in P. aegyptiaca germination
The KEGG annotation indicated six pathways related to GA biosynthesis in P. aegyptiaca seeds (S1A and S1B Fig) . This suggested that GA plays an important role in P. aegyptiaca germination. Pairwise comparison (unconditioned vs conditioned, unconditioned vs FL+GA 3 , unconditioned vs TIS108, unconditioned vs GR24, conditioned vs FL+GA 3 , and conditioned vs GR24) resulted in the identification of five DEGs related to GA biosynthesis in P. aegyptiaca. The expressions of all five DEGs were significantly greater in the conditioned, GR24, TIS108, and FL+GA 3 treatments than in the unconditioned treatment (Table 2 ). These results indicated that the five DEGs play important roles in the conditioning stage and germination of P. aegyptiaca.
Role of ABA in P. aegyptiaca germination
The KEGG annotation indicated seven pathways related to ABA biosynthesis in P. aegyptiaca seeds (S1C Fig). This suggested that ABA, in addition to GA, also plays an important role in P. aegyptiaca germination. Pairwise comparison of the treatments (unconditioned vs conditioned, unconditioned vs FL+GA 3 , unconditioned vs TIS108, unconditioned vs GR24, FL+GA 3 vs TIS108, FL+GA 3 vs GR24, and TIS108 vs GR24) resulted in the identification of three DEGs related to GA biosynthesis in P. aegyptiaca (Table 2 ). This suggested that these three DEGs also participate in P. aegyptiaca germination. The expression of CYP707A1 was significantly greater, but that of NCED2 was significantly less, in the conditioned, GR24, TIS108, and FL+GA 3 treatments compared with the unconditioned treatment. These results indicated that these genes are indispensable for P. aegyptiaca germination. The TIS108 treatment significantly increased NCED3 expression compared with the unconditioned treatment, whereas the GR24 treatment had the opposite effect.
Other important genes related to germination
The KEGG pathway analysis revealed three DEGs (PSY, PDS, and crtISO) related to carotenoid biosynthesis, one DEG (D27) related to strigolactone biosynthesis, and three DEGs (ACO, ACO1, and ACO5-like) related to ethylene biosynthesis (Table 2 and S1D Fig) . The expression of PSY and PSD was significantly less but the expression of crtISO and D27 was significantly greater in the GR24, TIS108, and FL+GA 3 treatments than in the unconditioned treatment ( Table 2 ). The expression of ACO was significantly less in the TIS108, and FL+GA 3 treatments but significantly greater in the GR24 treatment compared with the conditioned treatment. The expression of ACO1 was significantly less, but the expression of ACO5-like was significantly greater in the conditioned, GR24, TIS108, and FL+GA 3 treatments than in the unconditioned treatment. These results suggest that these genes are closely related to P. aegyptiaca germination. The KEGG pathway analysis also revealed some DEGs related to SL biosynthesis and signaling (Table 3) as well as to brassinosteroid (BR) biosynthesis (Table 2) . When the expression of a gene was significantly less in the TIS108 treatment than in the other treatments, then such gene may be a potential target site of TIS108. Based on this theory, some potential target sites of TIS108 were obtained from the transcriptome data (Table 3) .
Endogenous hormone concentrations and validation of related genes by qRT-PCR
Endogenous ABA and GA concentrations were measured to learn more about the role of these hormones in P. aegyptiaca germination. The ABA concentrations were significantly less, but the GA was significantly greater in the conditioned, GR24, TIS108, and FL+GA 3 treatments compared with the unconditioned treatment. The ABA:GA ratio steadily decreased during germination. This suggests that P. aegyptiaca can germinate only when the ABA:GA ratio declines to a certain value (Fig 6) . The expression of ten representative genes was confirmed by qRT-PCR. The expression patterns of these genes were consistent with their transcriptional expression models (Fig 6) .
Discussion
In this study, transcriptome sequencing was used to learn more about the germination mechanisms of P. aegyptiaca as affected by TIS108, FL+GA 3 , and GR24. By comparing treatments, several key genes and pathways were identified that are associated with P. aegyptiaca germination. Most of the DEGs were related to protein, DNA, RNA, energy biosynthesis, and metabolism. Only a few DEGs were involved in hormone biosynthesis; however, these DEGs are indispensable for seed germination.
Energy requirements for P. aegyptiaca germination
Physiological processes during germination require considerable energy. Lacking mineral absorption systems and photosynthetic apparatus, seeds depend on reserves such as starch, protein, and lipids to provide the necessary energy for germination [25] [26] [27] . Degradation products of energy reserves are constantly fed into glycolysis, followed by ATP synthesis through the TCA cycle, and mitochondrial electron transport [28] . In a previous study involving P. aegyptiaca, the adenylate energy charge (AEC) in GR24-treated seeds reached a maximum (0.9) after 1 d of conditioning and then remained constant for the next 9 d [29] . In the present study, two genes related to the glycolysis pathway (PFK and PK) were obtained in the transcriptome data of P. aegyptiaca. The expressions of PFK and PK were significantly down-regulated in the conditioned samples compared with unconditioned samples. These results indicated that most of the energy required for seed germination was generated during conditioning (S7 Table) . During the early stage of seed germination, the energy for seed germination is mainly provided by glycolysis; however, during late germination, the energy provided by anaerobic respiration cannot meet the requirements of germinating seeds. At this point, the TCA cycle provides considerable energy under oxygen enrichment [30] . In the present study, the pyruvate dehydrogenase (PDHA) sequence, which is important in the TCA cycle, was obtained in the transriptome data. Compared with the unconditioned samples, PDHA Transcriptome analysis and germination mechanisms of P. aegyptiaca seeds expression was significantly up-regulated in the GR24, TIS108, and FL+GA 3 treatments, suggesting that the energy required for later stages of germination is mainly provided by the TCA cycle.
Activation of endogenous hormone-related genes
Throughout the life cycle of plants, GAs regulate various developmental processes including seed development and seed germination [31] . The major bioactive GAs includes GA 1 , GA 3 , GA 4 , and GA 7 [32] . Previous studies showed that GA synthesis occurs during conditioning [33] . In this study, the following DEGs were annotated to the GA biosynthesis pathway: CPS, KS, KO, and Ga20ox1-D. Genes related to GA 1 , GA 3 , GA 4 , and GA 7 syntheses were all up-regulated significantly in the conditioned, GR24, TIS108, and FL+GA 3 treatments compared with the unconditioned treatment ( Table 2 ). Previous studies showed that applying GA biosynthesis inhibitors during seed conditioning can suppress the germination of Striga hermonthica, P. ramose, and P. aegyptiaca in response to GR24 [34] [35] [36] . Taken together, these results show that GA synthesis is an essential step during seed germination. This assumption is also supported by the increases in endogenous GA concentrations that were observed during P. aegyptiaca germination (Fig 5) . The expression of Ga20ox1-D increased significantly in the order unconditioned < GR24 < conditioned (Table 2 ). This suggests that when GR24 is applied, the most important thing is not the synthesis of GA, but the degradation of ABA.
The hormones ABA and GA play antagonistic roles in regulating seed germination, and the concentrations of GA and ABA are negatively correlated in germinating seeds [37, 38] . The GA is closely related to the promotion of seed germination. However, ABA inhibits this process. The antagonistic relationship and ratio of these two hormones regulate processes ranging from embryogenesis to seed germination [39] . Previous studies showed that exogenous ABA can inhibit P. ramosa germination [36] . The results of the present study also showed two significantly down-regulated DEGs associated with ABA biosynthesis and two up-regulated DEGs associated with ABA catabolism (Table 2 ). These results indicated that ABA is closely related to P. aegyptiaca germination. This idea was also supported by the decreases in endogenous ABA that were observed during P. aegyptiaca germination (Fig 5) .
Previous studies showed that ethylene also plays an important role in seed germination, and this hormone neutralizes a number of negative functions of ABA during germination [40] [41] [42] [43] [44] . The interaction between GA and ethylene is complicated, as shown by their negative and positive reciprocal effects [45] . Three genes (ACO, ACO1, and ACO5-like) related to ethylenedirected synthesis precursors were observed in our data. However, the treatments in our study had inconsistent effects on these ethylene-related genes, increasing the expression of some of these genes and reducing the expression of others (Table 2) . Therefore, further studies should be conducted to determine the role of ethylene in germination of P. aegyptiaca seeds.
Comparison of the three hormones involved in P. aegyptiaca germination
Previous studies showed that P. aegyptiaca seeds need to be conditioned at 20 to 26˚C for several days in the dark before germination [11, 46] . Researchers have proposed the following functions of the conditioning stage: (i) formation or activation of receptors for germination stimulants, (ii) leaching of germination inhibitors, and (iii) biosynthesis of plant hormones which may play important roles in germination [14, 33, 47] . Only 119 DEGs and 20 pathways were obtained in the transcriptome data of conditioned vs TIS08 (Fig 4) . Seed germination rate tests showed that the TIS108 treatment but not the conditioned treatment can stimulate P. aegyptiaca germination (Fig 1) . We suggest that the conditioned stage is important for seed germination, providing most, but not all of the conditions required for P. aegyptiaca germination.
Fluridone [i.e., 1-methyl-3-phenyl-5-[3-trifluoromethy1-(phenyl)]-4-(lH)-pyridinone] is an inhibitor of phytoene desaturase, which converts phytoene to phytofluene in the carotenoid biosynthesis pathway [48, 49] . Carotenoids correspond to major precursors of ABA in plants; therefore FL also blocks ABA biosynthesis [50] . The transcriptome data in this study also showed this relationship between carotene biosynthesis and ABA biosynthesis ( Table 2 ). The application of FL alone stimulated P. aegyptiaca germination to a small degree (Fig 1) , indicating that a reduction in ABA increased P. aegyptiaca germination. The germination rate of P. aegyptiaca was significantly increased by the combined application of FL and GA. This suggested that P. aegyptiaca germination was caused by increasing GA 3 concentration and decreasing ABA concentration. This phenomenon was also supported by transcriptome data ( Table 2) .
The synthetic analog of SL, GR24, can stimulate P. aegyptiaca germination [11, 51] . Studies have shown that GR24 promotes the degradation of ABA and reduces its concentration in P. ramosa [29, 52] . Other studies indicate that ABA and ethylene play important roles in P. aegyptiaca germination. It is also known that GR24 application dramatically changes ABA concentrations and the expression of ethylene-associated genes [11] . Analysis of the transcriptome data in this study showed that the expression of genes related to ABA biosynthesis and ethylene biosynthesis varied significantly among the five treatments ( Table 2 ). The ABA concentrations were significantly less in the conditioned and GR24 samples than in the unconditioned samples ( Fig  5) . The ABA catabolic gene CYP707A1 is a key component in the germination of P. ramosa seed treated with GR24 [29] . In the present study, PaCYP707A1 was also obtained from the transcriptome data. The PaCYP707A1 expression was significantly up-regulated in the conditioned, TIS108, FL+GA 3 , and GR24 samples compared with the unconditioned samples ( Table 2 ). This indicated the importance of PaCYP707A1 activation during the conditioning stage.
Researchers previously reported that TIS108, a triazole-type SL-biosynthesis inhibitor, reduced SL concentrations in Arabidopsis and rice [17, 53] . Those authors suggested that the germination of root parasitic weeds could be reduced by treating the host plants with TIS108. The results of this study, however, indicated that TIS108 stimulated P. aegyptiaca germination rates to as high as 82.60% (Fig 1) . This suggested that TIS108 can be used to control P. aegyptiaca by inducing suicidal germination. Previous studies showed that the target site(s) of TIS108 may be P450 (MAX1) homologues, and that TIS108 may affect some P450s involved in either the GA or BR biosynthesis pathways [17, 53] . Our analysis of the transcriptome data suggested another potential target site (CYP72A13) in the BR biosynthesis pathway (Table 2 ).
Transcriptome annotation of P. aegyptiaca seeds
Only 62.63% of the filtered unigenes were annotated in our transcriptome data. These annotation results were similar to many other de novo-assembled transcriptomes [11, [54] [55] [56] . The results showed that 18.53% of the unigenes were annotated to Sesamum indicum, 5.01% to Erythranthe guttata, and 4.91% to Rhizopus delemar (S2 Fig). A total of 119 DEGs were obtained when we compared conditioned with TIS108 samples. Only 79 of these DEGs were annotated, suggesting that 40 genes involved in germination may not be annotated and were possibly missed. These missing genes should be further studied in the future.
Conclusions
Transcriptome approaches were used to study the effects of TIS108, FL+GA 3 , and GR24 on P. aegyptiaca germination. Many DEGs related to seed germination were obtained. Some key genes associated with germination were detected. These genes were annotated as "hormoneassociated". The expression patterns of some important genes and the roles of hormones during seed germination were further verified by qRT-PCR analysis and endogenous hormone content analysis. The results showed that all three compounds (i.e., TIS108, FL+GA 3 , and GR24) stimulated P. aegyptiaca germination without a water preconditioning period. The common effect of all three compounds was that they reduced ABA concentrations in the seeds and increased GA concentrations. However, the target sites for these compounds differ. The results of this study provide information that is helpful for identifying other compounds that can stimulate P. aegyptiaca germination. We suggest that the important characteristic of these compounds is that they ultimately inhibit ABA synthesis or promote ABA degradation. This study also suggests that TIS108 or FL+GA 3 could be used as an economical and effective means of controlling P. aegyptiaca by promoting suicidal germination. 
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